Sendai virus nucleocapsids have been observed by electron microscopy to coexist in three different helical pitch conformations, 5.3, 6.8, and 37.5 nm. The 5.3-and 6.8-nm conformations are present both in uranyl acetate negatively stained preparations and in tantalum-tungsten metal-shadowed preparations, whereas the 37.5-nm conformation, which has not been previously reported, is present only in the shadowed preparations. The 5.3-nm pitch conformation appears to be a mixture of two discrete structural states, with a small difference in the twist of the structure between the two. We have used image reconstruction techniques on an averaged data set from eight negatively stained nucleocapsids to produce a three-dimensional reconstruction at 2.4-nm resolution of the structure in one of the 5.3-nm pitch states. There are 13.07 nucleocapsid protein (NP) subunits in each turn of the helix in this state. The helical repeat is 79.5 nm, containing 196 subunits in 15 turns of the left-handed 5.3-nm helix. The arrangement of subunits produces a 5.0-nm-diameter hollow core which forms an internal helical groove. The RNA accounts for about 3% of the mass of the nucleocapsid, and so its location is not conspicuous in the reconstruction. Because the RNA remains associated with the NP subunits during mRNA transcription and genome replication, structural transitions in the nucleocapsid may determine the accessibility of the genome to polymerases. Alternatively, the large hollow core and internal helical groove we have reconstructed may allow access to the RNA even in the tightly coiled 5.3-nm pitch conformation.
Sendai virus has been studied extensively as a prototype of the Paramyxoviridae, a family of enveloped singlestranded RNA-containing animal viruses whose site of replication is the cell cytoplasm. Progeny paramyxovirus particles are liberated from infected cells by budding. Thus, the paramyxovirus envelope is derived from the cell surface membrane, The lipid composition in this envelope is similar to that in the surface membranes of uninfected cells, but the proteins are virus specified (23) . The intact virus particles are usually rounded but appear irregular in shape. They are of variable size; diameters ranging from 100 to 800 nm have been reported (11, 16, 17, 20, 22) .
A single nucleocapsid, consisting of a strand of RNA associated with a large number of nucleocapsid protein (NP) subunits in a rod-shaped helical structure, is normally contained within the envelope. From the nucleotide sequence, the predicted molecular weight of the NP protein is 56,543 (27) . The nucleocapsid rod is about 1.0 ,um long (11, 18, 20) and has a diameter of about 20.0 nm (11) . A hollow core of about 5.0-nm diameter runs along its length (11, 17, 21) . The one-start helix of the nucleocapsid has been characterized both as left-handed (31) and right-handed (18) and has been previously suggested to contain either 11 or 13 NP subunits in each turn (11) , 13 subunits (19) , or 15 subunits (18) . This helix has a pitch of about 5 .0 nm in its most tightly coiled state (1, 11, 16, 17, 20, 21) . However, extended conformations of the nucleocapsid have been previously observed for Sendai virus (14) and for other paramyxoviruses (4, 30) .
The RNA of the paramyxovirus genome is complementary in sequence to the viral mRNA. As a result, paramyxoviruses are described as negative-strand viruses. mRNA is produced by transcription of the genome into a number of partial replicas (2) , and transcription and replication of the * Corresponding author. viral RNA occur while it remnains associated with the NP subunits (23) . This characteristic sets paramyxoviruses apart from most other types of viruses. The association of the viral RNA with the nucleocapsid is so strong that the only unencapsidated virus-specific RNA molecules found in cells infected by paramyxoviruses are the viral mRNAs (3, 25) .
There are two additional proteins present in the intact nucleocapsid at a lower stoichiometry, and these are implicated in the enzymatic processes of RNA transcription and replication. These are the polymerase-associated (P) protein (79,000 Mr) and the L protein (>200,000 Mr), and the molar ratio of NP-P-L in the virion is approximately 100:10:1 (26) . These proteins act in concert; neither one is capable of catalyzing RNA synthesis when added alone to nucleocapsid templates in the highly homologous Newcastle disease virus system, but together they form an active transcriptive complex (13) . Both the P protein (32) and the L protein (33) have been visualized by immunogold labeling and electron microscopy as associated with the nucleocapsid at clusters along its length. Thus, the NP, P, and L proteins together form a complex which is the enzymatic machinery for transcription and replication. This notion is supported by the fact that in vitro, the fully encapsidated RNA is the template for RNA synthesis in cell-free systems (35) . The mechanism by which a polymerase can interact with the viral RNA while it is still encapsidated is not known. On the basis of observation of extended and compressed states of the nucleocapsid, it has been proposed that extension of the nucleocapsid, perhaps only locally, may. allow the polymerase to obtain access to the encapsidated RNA (14) .
We report here the observation of four distinctly different structural states of the nucleocapsid, with all states present under the same conditions. We have generated a threedimensional reconstruction from electron thus a dynamic structure which can make transitions among at least four different discrete states. It is believed that a knowledge of the three-dimensional structure of the Sendai virus nucleocapsid in various conformations and the mechanisms governing the transitions between these states will provide some insights into the mechanisms of mRNA transcription and genome replication.
MATERIALS AND METHODS
Virus preparation. Samples of Sendai virus nucleocapsids (isolated from infected cells, rather than from virions) were prepared as described by Portner and Murti (32) and were stored in an aqueous buffer containing 0.01 M Tris hydrochloride, 0.1 M KCl, 0.015 M MgCl2 (pH 7.4), and 0.3 M NaCl. Each of the samples was then further purified by running it with sample buffer through a Bio-Gel 500 column (Bio-Rad Laboratories).
Electron microscopy. Sendai virus nucleocapsids were taken onto electron microscope grids and negatively stained with uranyl acetate by the following procedure. A carboncoated collodion grid which had been made hydrophilic by glow discharge was touched in sequence to each of the drops, 10 s to the nucleocapsid sample, 10 s to the buffer, and 1 min to each of 2 drops of uranyl acetate (2% wt/vol). Excess fluid was removed with filter paper at each transfer. The specimens were examined at an instrumental magnification of 49,000 on a Phillips EM-420 electron microscope equipped with a low-dose kit.
The nucleocapsids have some sensitivity to electron dose. Higher-dose micrographs provided fewer filaments with a well-determined helical symmetry than did minimal-dose micrographs, in which the specimen received no exposure to the electron beam at high magnification before the image was recorded on film. Helical symmetry was assessed from the computed Fourier transforms of images which had been densitometered (see below). Nucleocapsids were also observed by using a technique of heavy metal shadowing. Samples were adsorbed out of a drop of 5 mM magnesium acetate onto a carbon-film grid which had been previously exposed to glow discharge. It was then washed in distilled water for 2 min and frozen by dipping it in liquid nitrogen. Freeze-drying was carried out in a BAF400 freeze-etch unit (Balzers Union, Fla.) for 3 h at 193 K. The specimen was shadowed unidirectionally with a tantalum-tungsten alloy to give an average metal thickness of 0.5 nm. Film thickness was measured with a quartz crystal film monitor (QSG 201; Balzers). The shadowing was carried out at 193 K and at an elevation angle of 300. A carbon backing was then applied from above, with an average thickness of 5 nm. This shadowing technique has been described by Gross et al. (12) . The shadowed nucleocapsids were observed on a Phillips EM-420 electron microscope at a magnification of 49,000. Tobacco mosaic virus and RecA filaments were imaged as controls to determine the absolute handedness from shadowing.
Image analysis. Relatively straight images of nucleocapsids were selected from the electron micrographs. They were digitized by using an Optronics P-1000 scanning densitometer and displayed on an AED 767 raster-graphics device. The films were typically recorded at 50,000 magnification and scanned at 25 VLm per pixel, resulting in a sampling of the images of 0.5 nm per pixel. Curvature of the flexible nucleocapsids in the images was corrected by using an assumption of a normal mode of bending (9) . Since this method is only valid for relatively small amounts of curvature, only filaments were used which required a relatively minimal amount of correction. The smallest radius of curvature which was corrected was greater than 500 nm. We therefore were able to average the eight sets of layer line data before establishing the indexing for these layer lines.
An individual helix gives rise to two redundant sets of layer lines, arising from the near and far sides of the helix. Averaged layer lines (near plus far sides) were extracted from each of the transforms. Alignment of the individual layer line sets was achieved by searching for the rotation, translation, and up-down orientation of each, which gave the minimum amplitude-weighted phase residual against a reference nucleocapsid. An average was constructed with these parameters, and this average was used as the new reference data set. This procedure was repeated until further cycles produced no change in the average. The averaged layer line data is shown in Fig. 2 .
The quality of the averaging can be discerned in Fig. 4 . We have used this information to determine whether layer line 1 contains n = +11 or n = ±13. If n were to be equal to 11, one would have a helical structure consisting of discrete subunits with no modulation of the stain at the outer periphery (Fig. 4) arising from the discrete subunits, but instead with strong modulation of the stain in the center of the annulus of density formed by the subunits. This seems rather unlikely and would be different from any other helical tubular structure looked at in negative stain (e.g., microtubules, tobacco mosaic virus, bacteriophage tails, etc.). In the absence of other information, we can only conclude that n = ±11 is highly unlikely, but not impossible. Once we accept that n = ± 13, one must determine whether n = + 13 or n = -13, given that n = -1 on layer line 15 (see Results). This information is supplied by the 1/(5.7 nm) and 11(5.0 nm) layer lines. Bessel orders must be chosen to give helical modulation at radii within the annulus of density. The only possibility which gave this was n = +13 on the 1/(79.5 nm), which generates n = -14 on the 1/(5. can see how consistent both are with respect to the outer boundary of the filament, between 9 and 10 nm. The agreement is good, since this data is an average from nine filaments. The data from layer line 1 has been transformed with two possible options, that n = 11 or n = 13, and the modulus of the resulting g13 1(r) is shown, as is the corresponding plot for g11 1(r) . One can see the assumption that n = 13 on the first layer line yields a radial density of modulation in excellent agreement with the outer boundary of the filament as determined by the equator and the 15th layer line, whereas the assumption that n = 11 yields no helical modulation at the outer periphery of the tubular structure. The intensities and phases along the layer lines contain the information about the shape of the subunit within the helix, which is the asymmetric unit in the structure. Since the layer line intensities and phases contain all the information needed to reconstruct a helix, a three-dimensional reconstruction of the nucleocapsid structure was obtained by performing a Fourier-Bessel transform of the averaged layer line data. The surfaces of the reconstructions were displayed by using an algorithm described by Egelman and Stasiak (10).
RESULTS
In both the negatively stained and the heavy metalshadowed preparations, the majority of nucleocapsids were in a state characterized by a mean pitch of about 5.3 nm (Fig.  5 and 6) . A smaller number of individual nucleocapsids and sections of nucleocapsids were observed with a more extended pitch of about 6.8 nm, and these were seen in both negatively stained and shadowed specimens. Large aggregated masses of nucleocapsids, however, could be seen in shadowing to be almost entirely in the 6.8-nm pitch conformation, whereas in negative stain such structures would not have discernible detail. Nucleocapsids in a highly extended 37.5-nm pitch conformation were frequently observed in the shadowed preparations but were never seen in negative stain.
Because the helical stripes generated by the 5.3-nm pitch helix are nearly horizontal (Fig. 6A and C) , the perceived handedness of this helix can actually depend on the shadowing direction. It is thus possible to find segments in this conformation which appear left-handed and other segments which appear right-handed. To avoid this problem, we computed the Fourier transforms of nine segments of shadowed nucleocapsids in the 5.3-nm pitch state and averaged the intensities of the transforms. The resulting averaged transform is shown in Fig. 6G . This transform displays intensity to the right of the vertical line shown by the arrows (called the meridian) in the top half and to the left of the meridian in the bottom half. This pair of reflections is generated by the stripes corresponding to the top surface of a left-handed helix. A right-handed helix would give rise to a pair of reflections on the opposite sides of the meridian. If the 6.8-and 37.5-nm nucleocapsid conformations arise by a simple extension of the 5.3-nm pitch helix, then these helices will also be left-handed. Shadowed images (Fig. 6) show that they are indeed left-handed.
Reconstruction of the 5.3-nm pitch nucleocapsid. The computed Fourier transforms (Fig. 1, left) A helix consists of a single asymmetric unit repeated along the length of the structure by a symmetry operation involving rotation and translation. We thus have chemically identical subunits in chemically identical environments, ignoring, of course, those subunits at the ends of the structure. If the helix is viewed in projection, as it is in a negatively stained electron micrograph, many different projections of the same subunit are generated along the length of the helix. This set of projections contains all the information needed to reconstruct the nucleocapsid in three dimensions (6) , and such a reconstruction is shown in Fig. 7 and 8 . The data which has been used for the reconstruction (Fig. 2) extends out to about 2.4 nm. Fig. 2 . On the right, half of the nucleocapsid has been cut away to expose the hollow core.
whereas Fig. 8 shows the internal density distribution in an orthogonal view, looking along the filament axis. The central hole in the horizontal slice shown in Fig. 8 has a diameter of about 7.5 nm. However, this hole is precessing about the filament axis as one travels along the axis, generating an internal helical groove visible in the cutaway surface shown on the right in Fig. 7 . As a result, the diameter of the largest continuous cylinder which could be placed in the hollow core is about 5.0 nm, but the hole can accommodate a less-extended object about 7.5 nm across. The outer diameter of the nucleocapsid is about 20.0 nm. These values are similar to those that have been reported previously for the Sendai virus nucleocapsid (11, 17, 21) .
A second 5.3-nm pitch state. Both the pitch and twist of a helix determine the position of layer lines seen in the Fourier transform of a helical specimen (Fig. 1) . If the pitch of the Sendai virus helix were to be kept approximately fixed at 5.3 nm and the number of subunits (NP proteins) per turn were to be changed from 13.07, then the weaker layer lines (labeled as 1, 14, and 16 in Fig. 1 ) would shift in their spacings. Because small changes in twist of the elementary subunit accumulate over many copies of the subunit, small changes in twist can generate large changes in the transform of a helical object, even at low resolution. We have found several segments of nucleocapsids in which the first layer line is moved to about 1/(23.8 nm) from 1/(79.5 nm). This position for a near-equatorial layer line, 1/(23.8 nm), is similar to that shown by Finch and Gibbs (11) for one segment of a Sendai virus nucleocapsid. Since the pitch of the helix is apparently unchanged in these segments, as determined by the relative constancy of the spacing of the strong (1/(5.3 nm) layer line, this change in position corresponds to a change in the twist of the structure. We have not been able to characterize this state any further than by determining that this layer line arises from an odd number of helices. Since the peak of this layer line occurs at a similar distance from the meridian as that on the 1/(79.5 nm) layer line, it is most likely that it also arises from a 13-start helix. However, the handedness of this 13-start helix could be either left or right, and the twist of this second state would therefore be either 12.78 or 13.22 units per turn, respectively. The smallest transition between these two discrete 5.3-nm pitch states would therefore be from 13.07 to 13.22 units per turn. While this transition appears striking at low resolution, it would amount to a change in rotation between two adjacent subunits of about 0.32°or a radial shift in mass at 8-nm radius of about 0.05 nm (about half the diameter of a hydrogen atom).
Comparison of the 5.3-and 6.8-nm pitch states. Negatively stained images of segments of nucleocapsid in the 6.8-nm pitch state give rise to transforms with only an equator, a 1/(6.8 nm) layer line, and a 1/(3.4 nm) layer line (Fig. 1) . In One can see that the hollow core precesses about the filament axis as one travels along the axis, and this creates the helical groove in the core, which is seen in the cutaway view in Fig. 7 . contrast, we have been able to find six layer lines in the transforms of filaments in the 5.3-nm pitch 13.07 units per turn state. A three-dimensional reconstruction was made with the three layer lines in the 6.8-nm pitch state. This reconstruction, shown in Fig. 9 , contains only the continuous helical density along the 6.8-nm pitch one-start helix, with the modulation of the density due to discrete subunits absent. For purposes of comparison, we have generated a similar reconstruction in Fig. 9 of the 5.3-nm state shown in Fig. 7 and 8 , but using only the equator, the 1/(5.3 nm), and the 1/(2.65 nm) layer lines. This averages out the subunits seen in Fig. 7 for the comparison of Fig. 9 . One can see that the 6.8-nm pitch state is significantly narrower than the 5.3-nm pitch state, with a change in diameter from 20.0 nm to about 16.5 nm. The 6.8-nm state is also significantly more polar, consistent with the chevronlike image seen in projection in negative stain (Fig. SD) . The narrowing and the increasing polarity of the 6.8-nm pitch state could both be generated by a large increase in the tilt of subunits from their position in the 5.3-nm pitch state. Alternatively, the change could be due to a large conformational change within the subunits or to a combination of both of these events.
DISCUSSION
Changes in salt concentration (14) and trypsin cleavage of the NP subunits (28, 29) have previously been reported to cause conformational changes in paramyxovirus nucleocapsids. In this study, different states have been observed to occur in the same preparation, often in the same nucleocapsid (Fig. 4 and 5) . A heterogeneity of NP subunits, resulting from proteolytic cleavage, cannot be the source of the structural heterogeneity, since the NP protein always runs as a single band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (7, 8, 32) at the same time that structural heterogeneity can be seen in the electron microscope. Further, trypsin-cleaved nucleocapsids appear to be in the tightly coiled 5.3-nm state (14) , so the transitions between the different helical forms cannot simply be accounted for by proteolysis. As a result, the above-mentioned factors may be able to influence the distribution of states but are not needed to produce nucleocapsids in 5.3-, 6.8-, and 37.5-nm conformations.
Under the sample preparation conditions used in this study, the majority of nucleocapsids were in the 5.3-nm state. Within this state, we have observed two substates which correspond to a small variation in the twist of the structure, from 13.07 to either 13.22 (Fig. 6B) . Third, fast-freezing and etching, which reveals this state, is more likely to preserve a fragile structure than the drying employed in negative staining. Because previous studies of Sendai virus nucleocapsids have all employed negative stain, it is not surprising that this highly extended structure has not been previously observed.
The handedness of the helix of Sendai virus nucleocapsids in the 5.3-nm pitch state has been previously determined by tilting negatively stained specimens (31) and by observing asymmetry in negative staining (18) . The tilting experiments FIG. 9 . A surface representation of t4e 6.8-nm pitch state is shown on the left. This reconstruction was made with only the equator, the 1/(6.8 nm) layer line, and the 1/(3.4 nm) layer line and so contains no modulation of the continuous helical density due to discrete subunits. For purposes of comparison, the 5.3-nm pitch reconstruction shown in Fig. 7 has been displayed by using only the equator, the 1/(5.3 nm) layer line, and the 1/(2.65 nm) layer line, so that the discrete subunits are averaged out and the continuous helical density is displayed. One can see the narrowing of the nucleocapsid in the 6.8-nm state, as well as the increase in polarity, with both most likely due to a large increase in the tilt angle of the subunits.
concluded that the helix is left-handed, whereas the staining asymmetry observations indicated that the helix is righthanded. Our shadowed observations are in agreement with the negative stain tilt results. Compans et al. (5) used tilting of negatively stained specimens to examine "stretched-out" segments of nucleocapsids from two other paramyxoviruses, simian virus 5 and mumps virus, and concluded that both are left-handed. They surmised that the Sendai virus nucleocapsid would also be left-handed, due to the structural similarity. It is possible in principle for the compact state of all of these nucleocapsids to have one-handedness and for the stretched out states to have a different handedness. This could occur through a switching of dominant contacts between two different one-start helices. A helix handednessreversing transition occurs in bacterial flagella (36) While it is possible that this symmetry breaking would not be seen at low resolution, many examples exist in which small perturbations from helical symmetry can be seen dramatically at low resolution. Alternatively, one might argue that helical symmetry within the nucleocapsid is obeyed, but that there is a nonspecific association between the RNA and the NP subunits. Thus, one could have any relationship in this scheme. We think that this is even less likely on physical grounds, given that highly extended forms of the nucleocapsid have been observed in which the RNA appears to hold together disassembled NP subunits as "beads on a string" (14) . Therefore, the factors affecting this ratio must be considered. The most likely explanation is that parts of the nucleocapsid are extended, and the total number of NP copies is therefore less than 2,745. A 6:1 stoichiometry would imply 2,564 copies of the NP protein. The alternative, that there are actually greater than 2,745 copies of the protein and a 5:1 stoichiometry, seems less plausible.
The reconstruction of Fig. 7 and 8 shows a single asymmetric unit which has a volume (approximately 70 nm3, given a reasonable choice of cutoff density) consistent with the known molecular weight of the NP protein, 56,543. The additional Sendai virus proteins, P and L, have been shown to be associated with the nucleocapsid (32, 33) but located in clusters along the filament and not with a helical symmetry. Thus, these proteins would not contribute to the density seen in the reconstructions, in which the helical symmetry of the NP protein has been imposed on lengths of filaments for the purposes of averaging.
The physiological role of the different states we have described here is not known. Shadowing has shown that highly coiled masses of nucleocapsids are in a 6.8-nm pitch state, consistent with the observations from negative stain that the transition from the 5.3-to the 6.8-nm pitch is marked by a large increase in the flexibility of the nucleocapsid. It is most likely that the highly coiled nucleocapsid within the intact virion is in the 6.8-nm pitch state.
Transcription occurs without dissociation of the NP protein subunits from the RNA. It has been suggested (14) that an uncoiling of the nucleocapsid may be necessary for viral transcription and RNA replication. One might expect that an RNA which is completely ensconced within the nucleocapsid helix would become exposed when the nucleocapsid makes a transition to an extended state. However, the transition from the 5.3-nm state to the 6.8-nm pitch state does not appear to fully open the helical grooves, as one would expect in such a model. This structural observation is consistent with the biochemical report (15) that the RNA within the nucleocapsid is inaccessible to digestion by ribonuclease regardless of the unwinding of the nucleocapsid helix. On the other hand, both the extended 6.8-nm state and the compact 5.3-nm state possess a large central core which could allow a polymerase to reach the RNA while the nucleocapsid protein is bound to the RNA. The observation of the 37.5-nm conformation is particularly interesting because the RNA must undoubtedly be exposed in such a highly extended state.
